1] Most regions of the Jovian magnetosphere covered by the Galileo spacecraft measurements undergo quasi-periodic modulations with a time period of several Earth days. These modulations appear in various field and particle properties. Most prominent are periodically recurring ion flow bursts associated with disturbances in the meridional component of the magnetic field in the Jovian magnetotail or variations of the energy spectral shape of the particle distribution associated with the stretching and dipolarization of the magnetic field. Each individual cycle of these modulations is believed to represent a global reconfiguration of the Jovian magnetosphere. We present a simple conceptual model for these periodic processes assuming (1) ion mass loading from internal plasma sources and (2) fast planetary rotation causing magnetotail field line stretching due to centrifugal forces. This leads to a magnetotail configuration favoring magnetic reconnection. Magnetic reconnection causes plasmoid formation and release as well as dipolarization of field lines connected to the planet. Continued mass loading leads again to a stretching of the tail field lines. Our model shows that the suggested intrinsic mechanism can explain the observed periodicities of several days in Jovian substorm-like processes. (2007), A possible intrinsic mechanism for the quasi-periodic dynamics of the Jovian magnetosphere,
Introduction
[2] Energetic particles and field measurements obtained from the Galileo spacecraft reveal quasi-periodic modulations of energetic particle flow bursts with an average repetition period of about 2 to 3 days (seven Jupiter rotations) in the Jovian magnetotail. These modulations are generally associated with transient bipolar south-north distortions of the magnetic field and intensification of the auroral emissions Woch et al., 1998; Louarn et al., 1998; Kronberg et al., 2005] . Furthermore, Woch et al. [1998] have indicated that the middle magnetosphere is also affected by quasi-periodic modulations of several parameters of the plasma sheet particle population with comparable periodicities. These studies allow for tentatively interpreting the observed modulations as quasiperiodic transitions between two basic states of the Jovian magnetosphere . One state, the massloading phase, is characterized by plasma flow in the corotation direction, associated with a thick and quasi-quiet plasma sheet. The other state, the mass-release phase, is associated with a tailward/sunward plasma flow, a thin plasma sheet and magnetic reconnection. The role of the solar wind as an energy source in the mass-release process is considered to be of less importance than it is for a terrestrial substorm.
[3] In other studies of the Jovian magnetosphere, periodic processes have also been reported, although with different periodicities. Vasyliūnas et al. [1997] showed that the plasma sheet configuration, as described by its thickness and based on measurements of keV electrons, varies its hinging distance and/or meridional motion with a recurrence period of 5 to 7 days. Prangé et al. [2001] analyzed FUV auroral spectra from the Jovian magnetosphere and identified a variability of the auroral activity index (a build up and decay of auroral activity) on timescales of 5 to 10 days, which is well correlated with disturbances of the magnetic field measured in situ by the magnetometer on board Galileo.
[4] Why do these phenomena occur periodically? Generally, it is assumed that the energy driving these processes comes from internal sources, the plasma mass loading and the fast planetary rotation. Vasyliūnas [1983] developed a conceptual model for the middle and outer Jovian magnetosphere. He described the force balance associated with the (sub)corotational motion of the plasma that included centrifugal effects. The dynamics of the Jovian magnetotail were represented as an internally driven reconnection sce-nario. The rigidly rotating magnetic flux tubes are filled with additional plasma by mass loading and consequently the centrifugal force per unit flux increases. This increases the outwardly directed force and leads to a stretching of the magnetic field lines. The increased centrifugal force can be balanced by magnetic stress only up to a limited distance. Beyond this distance, force balance is no longer possible, which leads to the change of the magnetic field topology and the formation of an x-line and o-line at the limiting distance and a continuous development of plasmoids. These plasmoids can move, nearly freely, outward from the tail. In the Vasyliûnas model, magnetic reconnection occurs as a continuous process causing a stationary state in the Jovian magnetotail. Thus this model is not designed for explaining the observed quasi-periodic processes.
[5] In this paper we first summarize observations characterizing the process. We then present modifications to the Vasyliûnas model which allow for an explanation of the quasi-periodic nature of the reconfiguration events observed in the Jovian magnetosphere.
Observational Examples
[6] Owing to the centrifugal force on rapidly rotating flux tubes, the magnetotail configuration becomes stretched. This stretching is, according to the Vasyliûnas model, a function of local time. Flux tubes in the dusk region stretch out, and the degree of stretching increases during propagation towards the dawn region. This stationary topology was derived by Khurana et al. [2004] and Kivelson and Southwood [2005] from Galileo data. However, a periodic cycle of stretching and dipolarization is also observed in the Jovian middle and outer magnetosphere, superimposed on this topology, as the magnetosphere is breathing.
[7] To illustrate such a periodic topological change of the Jovian outer magnetosphere, a segment of Galileo's orbit E16 in the distant midnight magnetotail is presented in Figure 1 . In this time period (DOY 235, 0000 to DOY 251, 0000, in 1998) the spacecraft was located planetward of the statistical neutral line location derived by Woch et al. [2002] , sketched in Figure 2 . This example allows us to follow the change of the current sheet morphology. The time period is divided in to phases labeled quiet and disturbed [Kronberg et al., 2005] . Figure 1a presents the ion flow anisotropy (radial and azimuthal components) which shows recurrent disruptions of the ambient particle flow in the corotation direction by radially outward/inward flow bursts. Figure 1b shows the absolute value of the radial magnetic field component. To better visualize the evolution of the radial magnetic field component in the lobe regions, maximum B r data points are connected by a black line. Generally, the radial magnetic field component in the lobe regions exhibits pronounced increases during quiet periods. At the same time intervals the south-north magnetic field component ( Figure 1c) shows an overall decrease. Such a behavior of the radial and the meridional magnetic field components is consistent with a gradual stretching of the plasma sheet configuration. The topological change of the magnetic field is associated with variation of the particle population. These changes are seen as particle intensity fluctuations but most prominently as variations of the particle energy spectrum. To illustrate this, Figure 1d presents the energy spectral index g for sulfur (a power law distribution is assumed in calculations of g). The pronounced changes of the spectral index g indicate that particle acceleration or deceleration processes is associated Figure 1 . (a) First-order anisotropies in the radial (red, positive is outward) and corotational direction (green); (b) the absolute value of the radial magnetic field component, the black line presents the rough envelope (transient events are neglected); (c) the south-north component of the magnetic field, the black lines show again the envelope; (d) the sulfur energy spectral index g, averaged over 10-hour-averages; (e) the ratio of the southnorth magnetic field component in the current sheet crossing to the absolute value of the radial magnetic field component, the red line shows the threshold for the ion tearing instability [Zimbardo, 1993] . The time interval DOY 235, 0000 to DOY 251, 0000 in 1998 (orbit E16) is shown. The dashed lines indicate times at which the Jovian magnetotail transits from a ''quiet'' to ''disturbed'' state or vice versa.
with the topology change. The gradual softening of the spectra (increasing g) within 2 days is followed by an abrupt hardening (decreasing g) within 1 day. The increase of the spectral index is a result of the thinning of the plasma sheet. This effect occurs because energetic ions drift against the electric field induced by the stretching of the tail magnetospheric field, which undergo a significant betatron deceleration [Sauvaud et al., 1996; Woch et al., 1998 ]. Thus the stretching of the magnetic field leads to flux decrease at high energies. The spectral periodicity is most obvious in the variation of the spectral index of sulfur (internal source). The spectral index has been averaged over 10 hours to remove the effects of planetary rotation. Such ion spectral index variations are typical for the middle magnetosphere and the distant dusk-to-midnight tail region. Figure 1e shows the ratio of the south-north component of the magnetic field relative to the absolute value of the radial magnetic field component. In order to calculate the ratio, values of the south-north magnetic field component closest to the current sheet center and the values of the radial magnetic field component in the lobe region are taken. Decreases of this ratio correspond to a stretching of the magnetic field. The ratio shows quantitatively the degree of the stretching (discussed above) of the field lines during quiet periods. Near the end of the quiet periods, the magnetic field is distended to such a degree that the condition for an onset of the tearing mode instability is satisfied. According to Zimbardo [1993] , the threshold for the tearing mode instability is reached when B q /B r = 0.025. This value is indicated by a red line in Figure 1 .
[8] Another example of a periodic process in the Jovian magnetosphere is presented in Figure 3 . It shows a segment of Galileo orbit G2 in the distant predawn magnetotail (this event was described by Kronberg et al. [2005] ). It shows one of the clearest periodicities of the ion flow anisotropy Krupp et al., 1998 ] and the associated distortions of the south-north magnetic field component [Kronberg et al., 2005] . The figure presents the azimuthal and radial components of the ion directional flow anisotropy (Figure 3a) , the south-north component of the magnetic field in high temporal resolution ( Figure 3b ), and the highly smoothed ( Figure 3c ) and the average radial magnetic field values in the lobe regions ( Figure 3d ) for the time interval from day 265, 1200, to day 280, 0000, of 1996. This example shows periodic releases of plasmoids (signatures of outward/inward flows associated with bipolar signatures in the south-north magnetic field component). The smoothed south-north magnetic field component clearly shows quasi-periodic oscillations of the magnetotail magnetic field. The magnetic field changes its polarity from south to north at the onset of the burst events. During disturbed periods the magnetic field has its strongest northward inclination. Afterward, the magnetic field returns to its normal southward configuration. Generally, the transition starts in and proceeds rapidly during disturbed periods and continues gradually until the next flow direction change. These magnetic field changes imply a development of the current sheet/plasma sheet topology from a thin postplasmoid-type configuration to a dipolarized thicker structure (plasmoid-like). Magnetic field line reconnection occurs from the center of the forming plasmoid structure toward the planet and leads to mass release. The radial component of the magnetic field does not show any clear periodical modulations, in particular no substantial increases in predisturbed time periods, which could be caused by the solar wind. In general, if at all only very modest increases of the magnetic field are seen during the quiet periods. Slight decreases of the radial magnetic field component are seen Figure 1 ). A ''dipolarization'' of the magnetic field lines is observed during the formation of plasmoid when Galileo is located tailward of the plasmoid center (see Figure 3 ). during disturbed phases. This implies the release of the stored magnetic flux during the disturbed phase. The event location with respect to the statistical line derived by Woch et al. [2002] is again shown in Figure 2 .
[9] The topological changes of the plasma sheet are seen everywhere in the Jovian magnetosphere. Orbital segments exhibiting clear periodicities are shown in Figure 4 . The figure covers the interval from mid-1996 to the end of 2002 (Galileo orbits G1 to I33). It shows the occurrence of periodic 1.5 to 6-day variations of the spectral index associated with dipolarization and stretching of field lines like those presented in Figure 2 (wavy line). In addition, the occurrence of reconfiguration events of the type presented in Figure 1 (black dots) is depicted. In most regions of the Jovian magnetosphere visited by the Galileo spacecraft, periodic variations have been observed.
[10] On the basis of the striking similarity of the modulation period for the burst events and the periodicities observed in the ion spectral shape, that the reconfiguration events in the magnetotail and the modulation of particle properties in the middle magnetosphere suggest that they are inherently related, and thus the whole Jovian magnetosphere is affected by the reconfiguration process.
[11] In the next section we develop a conceptual model in order to explain the periodic stretching and dipolarization of the magnetotail.
A Conceptual Model
[12] Our model assumes that the observed quasi-periodic variations of the middle and outer magnetosphere of Jupiter are cyclic processes driven by internal dynamics. Starting from an initial mass-unloaded state (see Figure 5 ) further (d) the average absolute radial magnetic field values in the lobe regions: The observations have been taken in the time interval DOY 265, 1200 to DOY 280, 0000 in 1996 (Galileo orbit G2). The magnetic field data are presented in the SIII-coordinate system. Dashed vertical lines outline ''quiet'' and disturbed periods.
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KRONBERG ET AL.: DYNAMICS OF THE JOVIAN MAGNETOSPHERE mass loading leads to a continuous stretching of the tail magnetic field configuration due to the increasing moment of inertia of the tail plasma and the centrifugal force ( Figure 5b ). This implies a situation in which the field lines become more and more antiparallel. At a certain moment, the stretched-out magnetic field line configuration undergoes magnetic reconnection and this consequently leads to the formation of an x-line, with a possible release of a plasmoid (Figure 5c ). Figure 5d shows the configuration after the plasmoid formation and the mass release which is basically the same as the initial mass-unloaded state shown in Figure 5a . Now further mass loading leads to newly stretched field lines and the process starts again, leading to the quasi-periodical switching between the quiet and the disturbed state. The crucial parameter to be estimated is the intrinsic time constant of the tail stretching from the initial state up to the configuration that favors reconnection.
[13] For the generation of reconnection and plasmoids, the tearing-mode instability is a possible candidate. It is a resistive instability in the plasma which is associated with a topological change of the magnetic field. During the stretching of the magnetotail, the meridional component of the magnetic field in the current sheet center will decrease. Collisionless ion tearing modes can grow in a thin quasi-neutral sheet with the thickness on the order of an ion gyroradius. The possibility of the existence of such a tearing-mode instability in the Jovian magnetosphere was discussed by Zimbardo [1993] . In the Jovian magnetotail with a typical current sheet thickness of 2 R J and B r $ 4 nT [Khurana and Kivelson, 1989 ] the mode would have a growth rate of g = 0.03 Á W ion = 1 Á 10 À3 s À1 and a growth time of t growth = g À1 = 11 min, where W ion is the cyclotron frequency [Zimbardo, 1993] .
Basic Equations
[14] To describe the stretching of the Jovian magnetosphere to a state in which reconnection can happen, a spherical coordinate system is chosen where the observer is rotating together with the largely azimuthal, subcorotational plasma flow. The local stress balance in this corotating system, following Vasyliūnas [1983] , can be written as
where r is the mass density, W the angular velocity of Jupiter, r is the radial distance, P the plasma pressure tensor, j the electric current density, and B 0 the magnetic field strength. The dot denotes the local derivative with respect to time in the corotating system. Note that mass loading is allowed in Equation (1) by including the local derivative in time of the mass density. In the following consideration, the Coriolis term 2rW Â _ r is neglected under the assumption that the predominant plasma velocity is azimuthal. In order to determine the transverse part of j, Equation (1) is multiplied with B 0 :
The derivation proceeds by considering the local stress balance in the f, r (equatorial) plane, where the pressure is assumed to be isotropic. As the time dependent changes are observed at the current sheet center primarily in the south-north magnetic field component, the B f component will be neglected in the following. At the current sheet center B r = 0 (please note that (@B r )/(r@q) cannot equal 0), this leads to
Thus there are two components of the electric current density in the equatorial plane, one radial and one azimuthal. The radial component which is proportional to the mass-loading rate _ r, is closed via field-aligned currents in the Jovian ionosphere and serves to support corotation [Hill et al., 1983] .
[15] The azimuthal current is determined by the gradients of the magnetic field in the radial and field-aligned direction:
where m 0 is the magnetic permittivity.
[16] The magnetic field data show that in the magnetotail spatial variations of B q in the radial direction are 100 times smaller than the meridional variations of B r , therefore (@B q )/(@r) may be neglected [see also Khurana and Kivelson 1989] . Thus the azimuthal current density is related to the radial magnetic field via
Furthermore, assuming j@B r /r@qj $ jB r j/d, where d denotes a typical scale of the magnetic field normal to the Jovian current sheet, equation (5) reads
The last expression describes the azimuthal component of the local stress balance in the equatorial plane.
Application to the Jovian Periodic Process
[17] In order to derive the typical time constant of the periodic Jovian reconfiguration process, the terms in expression (6) first must be estimated.
Thickness of the Plasma Sheet, the Centrifugal Force, and Pressure
[18] The half-thickness d of the current sheet in the case of a pressure anisotropy can be estimated by
(see Khurana and Kivelson [1989] ). In the denominator the contribution of the gradient of the meridional magnetic field component @B q 2 /@r in comparison to the gradient of the radial magnetic field component @B r 2 /@r is negligible in the magnetotail. This can be seen in Figure 6 , which shows the comparison of the magnetic field change versus the radial distance derived from the Galileo data (C9 orbit) and the Khurana and Kivelson [1989] model.
[19] To estimate the maximum current sheet half thickness, Khurana and Kivelson [1989] dropped the term with the centrifugal force because the mass density distribution was not well established at the time they published their work.
[20] In this analysis we include the effect of the centrifugal force and in order to estimate this we need to know both the mass density and the angular velocity. The mass density according to Frank et al. [2002] can be described by: r = 2.5 Á 10 À25 r À1.28 , assuming that the average ion mass is 16 Á m p , where m p is the proton mass. The angular velocity is calculated as W = v/r, where v is the azimuthal velocity with an average of 200 km s À1 during quiet time periods in the magnetotail (lower limit) [Krupp et al., 2001] .
[21] In Figure 6 , the centrifugal force is shown for comparison. Khurana and Kivelson [1989] assumed in their calculations that the pressure balance is equal to unity, and therefore
This approximation is valid because the plasma sheet thickness is estimated in a steady state. Figure 6 demonstrates that the centrifugal term and the pressure terms from Khurana and Kivelson [1989] , and the Galileo data, are of the same order in the distant magnetotail. Therefore using the similarity of the centrifugal term and the pressure term and implying that the pressure term changes due to the mass-loading process, we can assume that @P @r ' 1 2m 0 @ @r B 2 r ' Àm 0 rW 2 r:
The temporal variations of both terms are assumed to be similar: the centrifugal force increases due to the mass loading, while the increase of the gradient of the radial magnetic field component is shown indirectly in Figure 1 : the radial magnetic field component increases with time during the loading time period.
[22] Thus the expression of the current sheet half-thickness (Equation 7) can be simplified as
[23] Figure 7 presents three estimates of the current sheet half-thickness: one is from the Khurana and Kivelson [1989] model without centrifugal force; the two other estimations include the centrifugal force with the use of the magnetic field data derived from the Galileo C9 orbit, with the use the Khurana and Kivelson [1989] model.
[24] Now let us return to equation (6). While studying the dynamic behavior of the Jovian magnetosphere, it is not evident that we can make the same approximation with respect to the pressure as in equation (8). This assumption is only valid when the pressure balance is approximately constant and close to unity. Figure 8 presents the values of the plasma pressure in the current sheet centers along orbit C9, as derived from measurement of the EPD instrument using techniques described by Mauk et al. [2004] and Kronberg [2006] , as well as the magnetic pressure in the lobe regions for the C9 orbit. It shows that both pressures stay approximately constant with a correlation coefficient of 0.89. Therefore the pressure can be approximated as @P @r $ 1 2m 0 @ @r B r 2 . Under the considered conditions and by using the results from Figure 6 , one can approximate the radial pressure gradient also as @P @r ' Àm 0 rW 2 r.
Time Constant Derivation
[25] Simplifying relation (6) by using relation (9), we can define the ratio a between the product of both the radial and the meridional magnetic field components and the typical Figure 6 . The centrifugal force versus radial distance is shown by the dotted line. The pressure gradient is expressed through the magnetic pressure using the estimation of the magnetic field from the Khurana and Kivelson [1989] model (dashed line) and data from Galileo C9 orbit (dashed-dotted line). The gradient of the azimuthal magnetic field component is shown by long-dashed line for data from Galileo C9 orbit and by solid line using the Khurana and Kivelson [1989] model).
scale of the magnetic field normal to the Jovian current sheet (current sheet thickness):
[26] This ratio j(B q B r )/(m 0 d)j is independent of the sign of the field components. The ratio a reveals that the temporal evolution of the current sheet topology is driven by mass loading in rotating flux tubes. The stretching of the current sheet is caused by the Lorentz force and influences the parameter a.
[27] Equation (10) for the current sheet thickness and equation (11) are similar, which is not surprising since both equations are derived from the local stress balance.
[28] To calculate the time that the magnetotail needs to change from a dipolarized to a stretched-out configuration, we need to find the temporal variation of the current sheet topology parameter a:
Here the temporal evolution of the Lorentz force is assumed to be linear. The data show that the temporal variation of B q and B r can be roughly approximated by a linear fit (cf. Figure 9 ).
[29] The product B q Á B r monotonically decreases in the time interval [0, 1] (see Figure 9 ) and consequently the current sheet thickness d also decreases monotonically. The stretching of the current sheet can also be seen from the decrease of the ratio B q /B r (cf. Figure 9c) . Close to the time when this ratio approaches the threshold for ion tearing instability B q /B r = 0.025, [Zimbardo, 1993] (marked by the horizontal line) the usual southward directed magnetic field of the current sheet changes to a northward directed field. After this configurational change a radially outward ion burst is observed (see the first burst in Figure 1 ).
[30] The example presented in Figure 1 is one of the clearest cases. In other cases, B q /B r shows a decrease with time (time starts when the previous reconfiguration event is over), but it does not always fall below Zimbardo's threshold (=0.025) just prior to the most likely onset time of the reconfiguration events. In addition the value of the ratio can be at maximum three times higher than the threshold. The reason for this is presumably that we are not measuring the absolute minimum ratio just prior to the reconfiguration event onset since magnetic field values in the current sheet center (used for B q ) and the lobe region (B r ) are not simultaneously observed. Furthermore, Galileo measurements are not necessarily taken fully in the lobe region; this may be underestimated the lobe field. Also, the linear approximation of the magnetic field increase/decrease is a rather rough approach.
[31] Using the linear approximation, a robust estimation of the typical time constant of the stretching process t can be written as:
where the terms with ''0'' correspond to the initial state of the magnetotail configuration (i.e., just after the preceding Figure 7 . The thickness of the current sheet versus radial distance obtained by the different approaches described in the text.
A05203 KRONBERG ET AL.: DYNAMICS OF THE JOVIAN MAGNETOSPHERE disturbed state), the terms with a ''rec'' imply values taken just before the disturbed period starts. By using formula (7), t can be written as
[32] When we compare the form of the expressions for t, it is important to note that the typical time constant in expression (13) depends on the initial current sheet configuration, the angular velocity, and the mass-loading rate. The time constant is also determined by the configuration of the current sheet which governs the generation of the reconnection process. In equation (14) t depends only on the initial mass density, mass-loading rate, and the threshold mass density at which the reconnection process could be generated.
Reconnection Conditions
[33] The reconnection process can be triggered by micro instabilities in thin current sheets when d $ r ion , where r ion is the ion Larmor radius [Pritchett et al., 1991] , and the magnetic field is distended as jB q /B r j 0.025 with B r measured outside of the current sheet and B q within the equatorial plane [Zimbardo, 1993] . The last condition is fulfilled just before the reconnection process starts: see Figure 1 .
[34] In the following, we show that the current sheet thickness in the Jovian magnetotail can indeed become very thin. It will be estimated from equation (7) using data from the E16 orbit (1998 DOY 248-249) . This time interval is chosen since it clearly shows the signatures of the current sheet thinning followed by reconnection. The magnetic field components are B r rec = 4.35 nT and B q rec = 0.04 nT. The azimuthal velocity is v = 200 km s À1 (to calculate the angular velocity W = v/r) and the mass density is assumed as 1.3 Á 10 À21 kg m À3 [Frank et al., 2002] . Hence at a distance of 124 R J , the thickness of the current sheet just prior to the reconnection onset was $0.17 R J which is of the order of an ion gyroradius. The time resolution and the wobbling of the current sheet do not allow detecting the real thickness directly before reconnection starts. Thus the value above essentially constitutes an upper limit. In our estimation of Figure 8 . The relation of the plasma pressure in the current sheet center to the magnetic pressure in the lobe region. The dashed line denotes where the plasma pressure is equal to the magnetic pressure. [Zimbardo, 1993] and the dashed line shows the time development of a product of the radial magnetic field component and the meridional magnetic field component. The data was taken in the time interval between DOY 235, 0000 to DOY 237, 0008 in 1998, (this corresponds to the first ''quiet'' interval in Figure 1 ). The grey area marks the disturbed state.
the current sheet thickness, only one parameter is not defined well enough: it is the mass density. The mass density can be two times higher or two times smaller but the current sheet thickness will still be of the order of the ion gyroradius.
Mass-Loading Rate
[35] To estimate the average change of the mass density in the Jovian magnetosphere _ r = _ m/V, it is necessary to define the mass-loading rate _ m and the mass-loaded plasma sheet volume V.
[36] The known mass sources of the Jovian magnetosphere are Io, Europa, Jupiter, and the solar wind. First, we consider the Io source for which there exist different estimates for its mass-loading rate. Using a simplified model based on Galileo data of the plasma perturbations in Io's wake, Bagenal [1997] estimated the Io source of ions within 5R Io to be 180 À 580 kg s À1 . Saur et al. [2003] reanalyzed the work of Bagenal [1997] and incorporated Hubble Space Telescope UV measurements and model calculations and concluded that Io supplies at most 200 kg s À1 in the form of ions. From three-dimensional calculations, Smyth and Marconi [2003] derived a total mass-loading rate of ions (due to electron impact and charge exchange) as large as 275 kg s À1 .
[37] In the upper atmosphere by precipitating particles of neutrals and subsequent acceleration by an electric field in the magnetosphere is the source for additional $2 Â 10 28 s À1 ions in the magnetosphere [Krimigis et al., 1981] . It is assumed that most of these ions are protons, and therefore we can neglect this contribution. The solar wind particle source is estimated to a maximum of $2 Â 10 28 s À1 protons, which is also negligible compared with the Io mass source. The Jovian moon Europa presumably produces around 50 kg s À1 of oxygen ions [Schreier et al., 1993; Saur et al., 1998 ]. On the basis of these estimates a mass-loading rate of the order of 100 to 600 kg s À1 , with 250 kg s À1 as the most likely value, can be assumed.
[38] The partial volume of the Jovian magnetosphere affected by plasma loading is approximated by a cylindric volume V = phr 2 , where h is the height of the cylinder given by the average plasma sheet thickness, which can be estimated as h = 5 R J [Khurana et al., 2004] . The cylinder radius r is assumed to be around 90 R J , which is the radial distance from Io to the probable neutral line location in the pre-dawn region [Woch et al., 2002] . With these estimates, the ion mass loading rate is on the order of _ r = 6 Á 10 À27 kg (m 3 s) À1 .
Estimation of the Typical Time Constant
[39] The estimation of the typical time constant can be made using either expression (13) or expression (14). The values of the magnetic field and the current sheet thickness are presented in Table 1 . The determination of the angular velocity was shown above.
[40] With these parameters, an estimation of the typical time constant versus the mass-loading rate using expression (13) is presented in Figure 10 . The time constant for various mass-loading rates and two initial current sheet thicknesses are displayed. The shaded area indicates the observed time constants, i.e., the characteristic repetition rate of the reconfiguration events.
[41] The derived time constant t has a value of $3.5 days for a mass-loading rate of 250 kg s À1 and for a current sheet thickness of 2.5 R J , which is in good agreement with observations. However, it should be noted that both the initial current sheet thickness, as well as the mass loading, rate are not well constrained.
[42] According to equation (14), the time constant depends on the initial mass density, the mass-loading rate, and the mass density just before the reconnection process begins. The difference of the initial number density and the number density just before the beginning of the reconnection in equation (14) can be approximated as dn = (r rec À r 0 ) Á m p Á 16. Using the approximate values of dn from the number density values derived by Frank et al. [2002] , the result of the estimation is shown in Figure 11 .
[43] Both estimations using equations (13) and (14) show similar results, as expected.
Discussion
[44] We have presented a simple conceptual model of an internally driven periodic reconfiguration process in the Jovian magnetosphere. The basic assumptions for our estimations are as follows: (1) The radial and meridional magnetic field components as well as the current sheet thickness vary linearly with time.
(2) The angular velocity is assumed to be constant in time. This finding is corroborated by observations which show no clear indication of an angular velocity change. (3) The pressure is isotropic and the pressure gradient term is equal to the centrifugal term in the stress balance, as shown by observations. Assuming a Figure 10 . The time constant of the Jovian magnetosphere needed for mass loading until reconnection onset versus the ion mass-loading rate. Values of 4 R J and 2.5 R J are used for a current sheet thickness after the disturbed time period in the magnetotail region (initial current sheet thickness). The shaded area is the observed time constant. The vertical dashed line represents the current best estimate for the massloading rate.
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[45] Whereas terrestrial substorms occur mostly randomly and more or less as singular occurrences driven by solar wind events, observations have shown that periodic substorms do occur in the Earth's magnetosphere, i.e., a sequence of substorms with quasiperiodical repetition time.
[46] The result of our simple conceptual model for the Jovian reconfiguration process is basically the same as the result of the ''minimal substorm model'' of Freeman and Morley [2004] , with the difference being in the energy sources. Their model simulates periodic terrestrial substorms driven by a steady solar wind and gives a distribution of waiting time between pairs of adjacent substorms onsets in agreement with the observations. The expression which defines a distribution of waiting time between pairs of adjacent substorm onsets, D, is DP = C À F, where P is power from the solar wind that causes energy in the magnetotail E to accumulate at a rate dE/dt = P. C is a critical energy threshold, and F is an energy state that the magnetotail would likely exist in the work of Freeman and Morley [2004] . We offer the following analogies to the Freeman and Morley [2004] model. The parameter a 0 is an analog of parameter F, an energy state that the magnetotail would likely to exist in. As in the Earth case of Freeman and Morley [2004] , the parameter a 0 is determined by the solar wind boundary conditions. The parameter a rec in our model is an analogue of parameter C, a critical energy threshold. Similar to the Freeman and Morley [2004] model the critical energy threshold is determined by the conditions for the current sheet configuration favoring reconnection (i.e., the conditions in which the current sheet thickness is of the order of the ion gyroradius) and by the distention of the magnetic field. The parameter da/dt (equation (12)) is also the energy power, similar to parameter P = dE/dt. Here we list the differences between the models: the energy power in the terrestrial case comes from the solar wind, and in the Jovian case it basically depends on the mass-loading power and the centrifugal force, thus it describes an internal energy source, although the mass-loading rate in the magnetotail region strongly depends on the mass-loaded volume. The mass-loaded volume in turn depends on the solar wind pressure: hence the solar wind conditions are also important in the definition of the mass-loading rate and hence we suggest that the main driving mechanism of the Jovian periodic substorms is the mass loading of the rotating flux tubes with some external influence imposed by the solar wind conditions.
[47] The model presented here does not explicitly contain local time asymmetries. The fact that the reconfiguration events are occurring preferentially in the dawn sector can be phenomenologically explained by the general magnetospheric topology imposed by the interaction with the solar wind. While rotating from the nightside to the dayside the mass-loaded flux tubes become compressed on the dayside because the solar wind suppresses the magnetosphere. Then the thick plasma sheet from the dayside rotates to the nightside and as on the nightside the magnetic field is not suppressed by the solar wind it can freely extend into interplanetary space. Therefore the plasma sheet stretches gradually during the rotation through the nightside and achieves the largest stretching at the dawnside, where it meets again the magnetopause and the cycle starts again until at some point the criteria for the onset of reconnection is met. This occurs with higher probability on the nightside. In the Vasyliūnas [1983] model as well in the Kivelson and Southwood [2005] and Cowley et al. [2003] models this local time asymmetry is implemented.
[48] Therefore the varying radial location of the x-line with local time derived by Woch et al. [2002] can be explained by the different thicknesses of the plasma sheet: the tearing instability, for example, occurs when the current sheet becomes thinner than a certain threshold which is of the order of the ion gyroradius [Pritchett et al., 1991] . Thus this condition can be satisfied closer to the planet in the dawn region than at midnight, in accordance with the x-line position found at 70 R J in the predawn region and at 130 R J at midnight [Woch et al., 2002] .
[49] The magnetic field data suggest that during the quiet period the plasma sheet becomes stretched in both the dawn and dusk regions planetward of the x-line location. However, the signatures of plasmoid-like structures are much more prominent and more frequently observed at predawn as compared to midnight. At dusk to midnight the plasma sheet is gradually stretched out by the centrifugal force and is not confined by the solar wind pressure. The configuration of the plasma sheet is thick and flat. At predawn the plasma sheet configuration is thin and slightly dumbbelllike. A possible cause may be the compression of the flux tubes by solar wind pressure exerted on the dawnside magnetopause. Independently of the occurrence of reconfiguration events, such a general local time dependence of the topology was derived also from magnetic field data [Kivelson and Southwood, 2005] . The topology of this configuration is presented in Figure 2 .
Conclusions
[50] Galileo measurements have shown that a major part of the Jovian magnetosphere is exposed to quasi-periodic modulations of the plasma sheet configuration with periods of several days. Particularly in the predawn sector, the magnetotail is subject to a prominent periodic mass-loading/ Figure 11 . The time constant of the Jovian magnetosphere versus the mass-loading rate of the ions. As parameter we used the difference of the number density from the initial to the prereconnection state, dn = 0.09, 0.05, 0.01 cm À3 . The shaded area is the observed time constant. The vertical dashed line represents the current best estimate for the massloading rate.
release process with a characteristic period of around 2 to 3 days. The quiet or loading time period between the massrelease bursts, which includes thinning of the plasma sheet, lasts approximately 1 to 2 days. The main features of the process seem to be similar to the terrestrial substorm, though the driving mechanism differs from the solarwind-driven terrestrial classical substorm, in that internal mass loading and field line stretching in the rapidly rotating magnetosphere is the process that prepares the tail for magnetic reconnection. Mass release in the form of plasmoids results in the Jovian reconfiguration process being inherently periodic.
[51] In order to confirm the observational conclusions, a simple conceptual model for this periodic process was developed. It assumes that the ion-mass loading from internal plasma sources and the fast planetary rotation cause magnetotail field line stretching due to centrifugal forces. This effect leads to the development of a magnetotail configuration favoring magnetic reconnection. It is established that the condition for the onset of a tearing mode instability is satisfied just before each disturbed period of the reconfiguration process. It is also shown that the current sheet thickness at that time is comparable to a heavy ion gyroradius. It is suggested that the tearing instability causes both plasmoid formation and release of plasmoids with continuing mass loading, leading to renewed stretching of tail field lines. The model yields the finding that the intrinsic time constant of the Jovian reconfiguration process depends primarily on internal parameters such as the mass-loading rate but is affected by the external solar wind conditions (and in particularly the initial mass density). This model shows that the suggested intrinsic mechanism can explain the observed periodicities of several days of the Jovian substorm-like process.
